The effects in vivo of physiologic increases in insulin and amino acids on myocardial amino acid balance were evaluated in conscious dogs. 
Introduction
The effects in vivo of physiologic increases in insulin and amino acids on myocardial amino acid balance were evaluated in conscious dogs. Arterial and coronary sinus concentrations of amino acids and coronary blood flow were measured during a 30-min basal and a 100-min experimental period employing three protocols: euglycemic insulin clamp (plasma insulin equaled 70±11 tU/ml, n = 6); euglycemic insulin clamp during amino acid infusion (plasma insulin equaled 89±12 uU/ml, n = 6); and suppression of insulin with somatostatin during amino acid infusion (plasma insulin equaled 15±4 gU/ml, n = 6).
Basally, only leucine and isoleucine were removed significantly by myocardium (net branched chain amino acid IBCAAI uptake equaled 0.5±0.2 Mmol/min), while glycine, alanine, and glutamine were released. Glutamine demonstrated the highest net myocardial production (1.6±0.2 Mmol/min). No net exchange was seen for valine, phenylalanine, tyrosine, cysteine, methionine, glutamate, asparagine, serine, threonine, taurine, and aspartate. In group I, hyperinsulinemia caused a decline of all plasma amino acidg except alanine; alanine balance switched from release to an uptake of 0.6±0.4 jimol/min (P < 0.05),
while the myocardial balance of other amino acids was unchanged. In group II, amino acid concentrations rose, and were accompanied by a marked rise in myocardial BCAA uptake (0.4±0.1-2.6±0.3 Mlmol/min, P < 0.001). Uptake of alanine was again stimulated (0.9±0. 3 Mimol/min, P < 0.01), while glutamine production was unchanged (1.3±0.4 vs. 1.6±0.3 jsmol/min). In group III, there was a 4-5-fold increase in the plasma concentration of the infused amino acids, accompanied by marked stimulation in uptake of only BCAA (6.8±0.7 Mmol/ min). Myocardial glutamine production was unchanged (1.9±0.4-1.3±0.7 Mmol/min). Within the three experimental groups there were highly significant linear correlations between myocardial uptake and arterial concentration of leucine, isoleucine, valine, and total BCAA (r = 0.98, 0.98, 0.92, and 0.97, respectively); P < 0.001 for each).
In vivo, BCAA are the principal amino acids taken Up by the myocardium basally and during amino acid infusion. Plasma BCAA concentration and not insulin determines the rate of myocardial BCAA uptake. Insulin stimulates myocardial alanine uptake. Neither insulin nor amino acid infusion alters myocardial glutamine release.
Fatty acids, glucose, and lactate are the principal oxidative fuels in myocardium. Amino acids serve a minor role as an oxidative fuel (1-3) and a more essential role as substrate for protein synthesis (4) . Studies of isolated perfused rodent hearts suggest that myocardial use of amino acids for protein synthesis may be regulated by (a) the availability of amino acids (3) (4) (5) (6) ; (b) the supply of oxidative substrates (3) ; (c) the adequacy of oxygen delivery (3); (d) the availability of hormones, such as insulin (3, 5) ; and (e) the level of ventricular pressure development (3). In both cardiac and skeletal muscle, the addition in vitro of insulin or a physiologic concentration of amino acids to the perfusate stimulates synthesis and inhibits degradation of protein (4, 7) . In the isolated perfused rat heart, synthesis of whole heart protein and myosin is increased when amino acid levels in the perfusate are increased to five times normal plasma levels (4). However, addition of insulin to the perfusate containing glucose and normal plasma levels of amino acids accelerates the initiation of peptide chains more effectively than addition of amino acids at five times normal plasma levels (3, 5) . Furthermore, in the presence of insulin, high levels of amino acids have no further stimulating effect on the rate of synthesis (5) . Myocardial protein degradation is inhibited by amino acids in the perfusate, and branched chain amino acids (BCAA)' mimic the effect of the complete mixture (3). As with protein synthesis, insulin has been found as well to be a more potent inhibitor of protein degradation than have increased perfusate concentrations of amino acids alone (3) .
In contrast to these in vitro data, evidence that in vivo insulin administration or deficiency affects myocardial amino acid metabolism or protein synthesis is scant. Pain and Garlick (8) have reported an accelerated fractional turnover of heart protein in insulin-deficient diabetic animals, which was corrected by insulin administration. Unfortunately, the rates of amino acid utilization and of protein synthesis could not be obtained directly from their data.
Using classical organ balance techniques, conflicting data have been reported for postabsorptive myocardial amino acid balance in man. Carlsten et al. (9) found that in healthy, nonhospitalized volunteers, there was no net myocardial uptake or release of amino acids other than for the release of alanine. Mudge et al. (10) with coronary artery disease, glutamate uptake and alanine release were found both in the resting state and during pacing to sub-anginal threshold rates. In contrast, Brodan et al. observed markedly positive myocardial uptake of only aspartate at rest, and uptake of glutamate, leucine, and isoleucine, and release of cystine-cysteine, glutamine, and asparagine during pacing in nine patients with coronary artery disease (1 1). Each of these studies examined cardiac amino acid balance in the postabsorptive state and neither the role of insulin nor of plasma amino acid concentration was determined.
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Experimental protocols. Coronary sinus blood flow and arterial and coronary sinus plasma concentrations of glucose and amino acids and arterial concentrations of insulin were measured every 10 min during a 30-min basal period, and every 20 min during a 100-min study period. Six dogs were studied in each group. In group I, the euglycemic insulin clamp was employed. After obtaining basal samples, plasma insulin was raised -60 ,uU/ml above fasting levels using a primed (2 mU/min * kg X 10 min) continuous (1 mU/min * kg x 90 min) infusion of regular insulin (Eli Lilly & Co., Indianapolis, IN). Plasma glucose was maintained within 10% of basal values by measuring plasma glucose every 5 min and adjusting the rate of infusion of a 20% dextrose solution as previously described (12, 13) .
In group II, after the basal period, insulin was again given, and plasma glucose was maintained at basal levels as in group I. In addition, to prevent the decline in plasma amino acids seen in the group I, a 10%/6 amino acid hydrolysate mixture (Travasol, Travenol Co., Deerfield, IL) was infused at a priming rate of 15.5 mg/kg min for the first 10 min and then at a constant rate of 7.73 mg/kg-min for 90 min.
In group III, after the 30-min basal period, somatostatin (500 Wg/ h) was infused to inhibit endogenous insulin secretion. The amino acid infusion was identical to that used in group II; however, no insulin or glucose was infused in this group.
Chemical determinations. Plasma glucose was measured using the glucose oxidase method (22) 
Results
During the basal period we observed a significant arterialcoronary sinus plasma concentration gradient for five amino acids. The net myocardial balances of these amino acids are shown in Fig. 1 . Only leucine and isoleucine showed a significant uptake in the myocardium. The sum of the BCAA uptake (leucine plus isoleucine plus valine) averaged 0.5±0. Degrees of significance reflect differences in arterial/coronary sinus concentrations of the amino acid (P values from paired t test). LEU, leucine; ILE, isoleucine; VAL, valine; GLY, glycine; ALA, alanine; GLN, glutamine. ,gmol/min. (Fig. 2) . The arterial concentrations of all amino acids except alanine declined by 20-50% over the first 60 min and maintained a stable concentration between 60 and 100 min of the infusion protocol (Table I, Fig. 2 ).
Myocardial uptake of each of the BCAA tended to decline, as did the release of glycine and glutamine; however, these changes were not. significant (Table II) . In contrast, basal alanine efflux was reversed, with significant net uptake during insulin infusion. Over the 100-min experimental period, the myocardial balance of other amino acids did not change significantly from basal.
In group II, a rise in plasma insulin of 69±12 uU/ml (P = NS vs. group I; Fig. 3 vs. 103±10 ml/min). Arterial glucose remained within 10% of basal levels (97±5-88±2 mg/dl) and myocardial glucose uptake during the steady state infusion (last 40 min) was unchanged (5.6±0.6 utmol/min). In this group, arterial BCAA increased fourfold, alanine and glycine increased fivefold, while glutamine increased to a lesser degree (Table I , Fig. 4 ). Despite the decline in plasma insulin, there was marked stimulation in myocardial uptake of all BCAA (Table II) . Alanine uptake was again observed, but the change from basal was not statistically significant. Myocardial glutamine release did not change.
In Fig. 5 , the mean stimulated values of arterial concentration and of net myocardial amino acid balance in the three groups of dogs are summarized. The parallel of arterial concentration and myocardial uptake of the respective amino acid is apparent for each of the BCAA. A similar but less impressive pattern is noted for alanine. This pattern of augmented myocardial uptake with increasing arterial concentrations was not found for any of the other amino acids analyzed. In contrast, augmented insulin concentrations did not result in parallel increases in BCAA uptake. In group III, where insulin levels during the amino acid infusion were the lowest of all groups, arterial concentrations and myocardial uptake of the BCAA were the highest.
Arterial concentrations of each of the BCAA and of total 
Discussion
The current study indicates that (a) in the postabsorptive state, glutamine is the major amino acid involved in net nitrogen transfer out of myocardial tissue; (b) to a lesser extent, alanine in the basal state serves a similar function; (c) in the postabsorptive state and during infusion of amino acids, the BCAA are the principal amino acids taken up by heart muscle, and their circulating concentration largely determines the rate of myocardial uptake; and (d) insulin at physiologic concentrations stimulates heart alanine uptake. During the basal period, the pattern of myocardial amino acid release is similar to that seen for human forearm muscle (26), where alanine and glutamine function as the principal substrates involved in the transfer of nitrogen from peripheral muscle to splanchnic tissues. As in skeletal muscle, the dominance of myocardial alanine and glutamine release relative to their abundance in muscle protein argues for their de novo synthesis (3). Pyruvate derived from glucose is the likely source of alanine, whereas a number of substrates contributing carbon to the tricarboxylic acid cycle can serve as precursors for alpha-ketoglutarate and subsequently glutamate and glutamine. Nitrogen uptake from ammonia and retention in glutamine by glutamine synthetase in perfused rabbit septum has been recently demonstrated with the use of labeled ammonia ('3NH3) and positron emission tomographic techniques (27), and may be an important source of nitrogen for glutamine release that was observed in the current study.
Our finding of significant net basal myocardial flux of the BCAA, glycine, alanine, and glutamine in the conscious, postabsorptive dog is at variance with results of studies of myocardial balance in man (9-1 1) . However, as previously noted, results of these human studies have not provided consistent descriptions of myocardial amino acid balance. The experimental basis for differing results obtained in these human studies is not obvious. Altered amino acid metabolism secondary to large or small vessel ischemic disease may provide a partial explanation. In this regard, studies of isolated rabbit papillary muscle have documented alanine production and glutamate depletion during periods of anaerobic metabolism (28, 29) .
The release of glutamine and uptake of BCAA that we observed during the basal postabsorptive period are also findings not consistently observed in human studies. This difference may reflect inter-species variation. However, with regard to glutamine, the use in the current study of a recently validated method for glutamine analysis (30) may contribute to the difference of results. It is worth noting that although the chromatographic procedure used in their study limited the resolution of glutamine, Brodan et al. (11) reported that a combination of glutamine and asparagine was released by the ischemic human heart. These same authors observed uptake of leucine and isoleucine by human myocardium during pacing stress.
A striking finding of the current study was the dependence of myocardial BCAA uptake upon the arterial concentration of these substrates and the seeming lack of effect of insulin on myocardial BCAA balance. Upon further examination of the data in Fig. 6 , it is apparent that while myocardial uptake of each of the BCAA increases linearly with increasing amino acid concentration, the slope of the relationship is greater for either isoleucine or leucine than for valine (P < 0.001 for each comparison). Interestingly, in the isolated perfused heart, raising the concentration of all amino acids in the perfusate by fivefold led to a 3-5-fold increase in the rate of uptake of leucine and isoleucine but not of other amino acids (3, 4) . This augmentation of uptake of leucine and isoleucine occurred in the absence of insulin in the heart perfusate.
The observation that net myocardial BCAA uptake occurs both in the basal state when plasma insulin is low, and was greatest in the group III dogs with suppressed insulin levels, suggests that hyperinsulinemia is not required to stimulate heart uptake of BCAA. We cannot, on the basis of these studies, exclude the possibility that there is a permissive effect of a critical, low level of insulin in facilitating myocardial BCAA uptake. However, within the physiologic concentrations we tested, insulin did not affect myocardial uptake of the BCAA. It is of interest that in group III, dogs arterial amino acid levels were higher than in group II (Fig. 5) . Since both groups of dogs received identical amino acid infusions, it is likely that hyperinsulinemia in group II dogs stimulated disposal of infused amino acids. This effect of insulin was particularly apparent for the BCAA, and is consistent with the known action of insulin in promoting BCAA uptake by skeletal muscle. Thus, in response to the physiologic stimulus of insulin in vivo, it is likely that skeletal muscle takes up BCAA more readily than does myocardium. However, we emphasize that these results do not necessarily indicate that the stimulatory effects of insulin on protein synthesis are less prominent in heart than in skeletal muscle.
The striking linear correlation of myocardial uptake of each of the BCAA with their plasma level suggests that factors that decrease the arterial BCAA concentrations (e.g., insulin administration, or glucose ingestion) may actually decrease heart BCAA uptake. The trend towards decline in BCAA uptake in group I dogs supports this suggestion. On the other hand, a rise in plasma BCAA, as occurs after a protein meal, would be expected to increase heart BCAA uptake. In this regard, the BCAA levels seen in group II dogs are typical of those seen in post-cibal man (31, 32) .
In the current study, the cellular fate of extracted BCAA within myocardial tissue was not directly examined. Four general pathways of further metabolism might be considered: (a) accumulation of the free amino acids within the cytosol; (b) incorporation into heart protein; (c) transamination of the BCAA to their keto-acid analogues which are then released into the circulation; and (d) oxidation of the BCAA to CO2 and water. Precise definition of the relative contribution of each of these pathways to myocardial BCAA metabolism would require a combination of radiotracer and balance mea-surements that go well beyond those undertaken in the current study. However, based upon our amino acid balance measurements and data available from studies in the perfused heart, we consider that pathway c and/or d are the most likely to play a major quantitative role. This consideration is grounded upon the following observations. In our group III animals, uptake of each of the BCAA averaged between 2.0 and 2.7 gmol/min over the last 40 min of the study. The dog hearts in our study averaged 150 g wet weight and would be expected to have a cell water volume of -84 ml (33) . Simple accumulation of the BCAA within cell water would result in a rise in cell concentration to 1.1 mmol for each, even if only the amount taken up over the last 40 min is considered. This is 2-4 times higher than the simultaneously measured arterial concentration of each of the BCAA (Table I) . Morgan et al. (4) have previously shown that in the rat heart in vivo, the cytosolic concentration of the BCAA is slightly less than the serum concentration, and when rat heart is perfused with an amino acid mixture containing BCAA at a concentration fivefold greater than in vivo, the cytosolic BCAA concentration remains at -20-25% of the perfusate. Furthermore, studies of the sarcolemma amino acid transporting systems of heart muscle indicate that the BCAA, unlike some neutral amino acids, enter the myocyte principally via the L-System (34, 35) . Unlike System A and ASC, System L shows no sodium dependence and does not transport amino acids against a concentration gradient. Therefore, we regard it as unlikely that simple cytosolic accumulation of BCAA contributes more than a very modest amount to total myocardial BCAA disposal.
Some of the BCAA removed by the heart are almost certainly being incorporated into protein. It is noteworthy that in the isolated perfused heart, leucine added to the perfusate is particularly effective in stimulating protein synthesis (36) . However, since we observed no net uptake of the essential amino acids phenylalanine or methionine or of other amino acids that might have been incorporated into nascent heart protein along with the BCAA (Table II) , we consider it unlikely that a major fraction of the extracted BCAA were incorporated into protein. Rigorous quantification of the contribution of protein synthesis to BCAA disposal would require measurements of the rates of protein synthesis using isotope incorporation methods similar to those used extensively in the isolated perfused heart (3).
There is little information in the literature which would allow us to discern whether direct release of the keto acid analogues of the BCAA contributes significantly to the disposal of extracted BCAA. It is known that in postabsorptive man, skeletal muscle releases the keto-acid counterparts of leucine and valine (alpha-ketoisocaproate and alpha-ketoisovalerate, respectively). However, when amino acids are infused in man and skeletal muscle BCAA uptake is stimulated there is no significant change in muscle release of BCAA keto-acid derivatives (26). Resolution of the contribution of ketoacids to the disposal of BCAA by the heart must await quantitation of their balance in vivo.
The final possible fate of the extracted BCAA would be oxidation. Myocardium can use amino acids as an oxidative fuel (3), and the BCAA appear particularly suitable substrates for heart energy metabolism (37) . It is of interest that both production of keto-acid derivatives and BCAA oxidation, which appear to be the two most likely fates of infused BCAA, involve loss of the alpha-amino nitrogen. In skeletal muscle, alanine, glutamine, and ammonia are thought to be important mediators in the transport of amino groups from muscle to splanchnic tissues (7, 38) . In the current study there was no increase in release of glutamine, alanine, or other amino acids above basal even when BCAA uptake was maximal (group III). Indeed, in each of the three experimental groups, alanine was removed by the heart during the infusion period. Whether myocardial ammoniagenesis increases during amino acid infusion is unknown, and it will require arterial-coronary sinus measurements of ammonia to resolve this question.
The significant increase in myocardial alanine uptake seen in groups I and II could be explained by the effect of insulin to increase pyruvate dehydrogenase activity. An effect of insulin on myocardial pyruvate dehydrogenase might occur directly on enzyme activity or indirectly from decreased availability of fatty acids for tricarboxylic acid cycle oxidation. We have previously observed an increase in heart lactate uptake during physiologic hyperinsulinemia (13) , which may occur by similar mechanisms.
The findings of the current study provide physiologic data which have implications concerning the use of radionuclide imaging to assess myocardial metabolic events. The advent of positron and single photon computed tomography and the production of radiolabeled carbon-l 1, fluorine-l 8, and N-1 3 labeled branched chain amino acid metabolites may permit direct assessment of regional myocardial metabolic function (20, 39, 40) . Awareness of the effects of a varying metabolic milieu upon myocardial utilization of these substrates is critical for evaluating measurements of altered metabolism under pathologic conditions.
